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ABSTRACT

An experizontal investigation was ma•d to study the effects of impact
velocity, impaut angle, plate material propedties and thickness on the damage
to flat light alloy plates caisel by the impaot of one inch diameter hail at
speeds up to 2500 ft/seo.

A description is given of the gas gun used for the firing of solid ioe
projectiles. Data are presented on indentation. depth, dent profile and pene-
tration for two alindniu, alloys, L72 (25 toq/in2 , 1i% elongation) and L73
(27 torVin 2 , % elongati.nn) of thiokness ranging from 0.028 inch to 0.064 inch.
Photographic studies of tUe ixpaot phase are shown,
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Introduction

In recer.n years the continued increases in aircraft climb and cruise speeds,
traffic density and possibly the use of weather radar for storm penetration,
have been accompanied by an increased number of in-flight encounters with hail
resulting in severe damage to aircraft. Airworthiness Authorities on both
Sides of the Atlantic are now requiring some measure of hail impact reti3-
tarnca from aircraft structures.

In order to obtain basic data on the hail impaC. resistance of aircraft struo-

ture, an investigation (Ref. 3) was commenced at the RAE Farnborough, Ln late
1968, and is still. in progress.

A brief iescription is given i= :-"- paper of the apparartus used for the
study; some results are presented on hail impact damage to flat alumialnum alloy
plates and evidence is presented which indicates that hail impact tests must
be made using ice projectiles of the correct size at the correct impact speed
and correct impact angle.

Fail rin

The gun (Ref. 2), shown in Fig.1, was developed from cne ef the type used at the
RAE by the late D. C. Jenkins for single impact studies of rair erosion by
fittizg a longer barrel (8 ft) and provid.ing means for cooling tle breech and
barre) to sub-zero temperatures. The majority of studies have been made with

inch diameter ice projectiles but alternative barrels allow firine of
inch, ' inch aWd * inch projectiles. The gUD is operated by compressed gas

at pressures up to 1000 lb/in? ard firing ib by means of a gas driven servo-
valve inside the firing chamber.

Using compressed air, ice projectiles can. be fired successfully at discrete
speeds in the range 25%) ft/sec to 1400 ft/sec. By evacuating .he barrel,
the upper speed can be raised to 1600 ft/sec and when the internal valve is
removed and the gan fired by bursting disc technique, Wpe.eds up to 1800 ft/sec
can be obtained. A aaximum speed of 2500 ft/sec can be achieved using helium
as the operating gas.

Impact speed is derived from measurement of the time taken for the projectile
to interrupt two light beams a known distance apart. This time is measured by
means of photo-diodfms ad conventional electronics.

Hail

Two types of ice projectile have been used to represent hail : ice spheres ard
ice bullets which have an identical hemispherical nost with cylindrical after-
body and mass equal to that of tne sphere. The projectiles are formed in sili-
cone rubber aouldi from measured quantities of distilled water by freezing in
a refrigerator at -5 C. MouLied ice spheres formed in this way freqtenfly
have internal faults and break up when fired at high speel. It is thought
t'hat, since the frfezing process is from the outside inwards, the faults
are due to stresses generated towarCi the end of the freezing process. The
ice bullets, which are frozen in moulds with the hemisphere downwards end the
upper surfaae, i.e. the rear face of the cylinder, unrestricted, are much less
prone to internal faults awd are generally used at speeds in excess of
1200 ft/sec. One inch diameter spheres and ice bullets of this type give
identical d~aae results.
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Specimer.s

Impact tests were made on flat plates of two typical aircraft light alloyc
L72 and L73; aluminium coated aluminium - copper - magnesium - silicon -
manganese alloy more or less equivalent to 24 ST materiai. L72 alloy is soli-
tion treated, aged at room temperature and has an ultimate tensile strength .f
25 tons/in2 with 19,9 elongation. T73 alloy is solution t-eated, precipitaticn
treated and nas an iltimate tensile strength of 27 tons/in2 with 8 elonv-io..

The specimens, 12 inch sTuare plates, were secured with 3/16 inch screws a.
2 inch pitch to a steel frame forned from 2 inch x 2 inch x 4 inch anCle. 7:x
frame was rieidly attac.ned to a support structure at the required ims'c* -i..c.

(Impact angle is the angle between tie line of fire and the normal to the
plate.) impact was in the centre of the plate.

"crmal impact indentation

,Nhen hail impacts on the plate at zero impact angle it makes a symmetriesl .mcal:.
contoured ient -.7.ic:. increases in size with impact speed as shown in Fii.2.
Visually it iz not roasible "o estimate ti.e dent dia-meter.

Attempts wer- -ade +o correlate dent volume (obtain:A by filling the d1ent

water plus a wetting, agent% cr oss-sectional area of deformation at maximum
inlentation ,'obtaincd from measuxements of dent profile) and maximum indert-.i-
with velocity. T!.e only correlation obtained was that depth of indentation
varies linearly with impact velocity. This is s'own in Fig.3 fo: L73 alloy
and Fig.4 for L72 alloy: the effect of elongation can be observed. Previous
work by Kangas tRcf. 5) had suggested that indentation varied mith the square of
velocity but this is cicarly incorrect for the two alloys tested.

Ar._-ea impact indentation

In the case of angled impact the dent is not symmetrical but it is again snout:.
contoured and it 2s impossible to estimate visually the dent diameter. 7,-, i:al
dent profiles are show-n in Fig.5. Over the impact angle range 0 to 600 t'.e
depth of dent varies linearly with the component of impact velocity normal to
the plate. Trpical results are shown in Fig.6. A similar relationship was
observed in tests of Concorde fuselage panel specimens (Ref. 1).

On t1is evidence it was zucgested that high speed impact at large impact ar.;cs
(e.g. hihly swCp4 3urf'CS could be simulated by tests at zero ima,2ct x%.xl'
wit' t:.e same nomr-al velocity component. This would avoid the need to ev-1" c;,
high speed hail test facilities for supersonic aircraft testing. This
V COS 0 constant relatior.hip h3s been found to apply in a number of iprac-
cases - e.g. bi-I impact teC3s On windscreens. It can be seen in ?i{.6,
for penetration, 7 coz Is not constant.

"enetration speed

Fig.7 presents the trie penetration speeds for both alloys over the range
a a 0 .o 60 and thickness O.C28 inch to 0.61 inch. The curves are
reasonably sL-jilar ani show that resistance to penetrat on decreases with
increase in im.psct angle to a minimum value at about 30 and then increaser.
(It was the discovery of this phenomenon with the thinnest plate specimens
that resulted in our developing the gun performance to allow fuller investija-
tion with the more representative thicker specimens.) It is interesting to
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note that minimum resistance is about 303 wnich is typical of the wing bweep

of modern subsf'c aircraft.

Penetration damage

As hail impact velocity increases, the depth of indent ,tion increases progr#,-ý
sively until failure of the metal occurs. Initially this failure consizts of
a short split in the material at the oase of the trxientatiun. As the impact
speed is increased beyond this splitting speed the spli't is opened up, the
hailstone debris penetrates the plate and petals back the failure. Further
speed increases result in increases in the nunber of pctal-.

The appea&ance of the initial metal fail.ure has a reser.blance to failure of
a thin apherical shell under internal pressure, a case in which the internal
pressure at failure, ps can be expressed as:-

p - 2tf/r

where f a ultimate tensile strength, t = shell thickness and r z shell radius.
The pressure generated durit.g impact will be s3ne function of impact speed and
of the projectile and :pecimen material properties urger high rates of loading.
For a g~ven material, projectile and projectile size it is probable that the
pressure will be related to the kinetic enargy of the projectile and penetra-
tion speed would then be proportional to the square root of specimen thickness.
The results in Fig.7 are in fair agreement witn th1s relationship.

Phot•oraphic studies

Since no go-d explanation could be given f ar the 6ecrease in penetration resis-
tance with increase in impact angle from 0 to 30 , tho hail impact phase was
studt ed photographically to see if any evidenct could be obtained to explain
the phenomenon. Although the study did not achieve this aim the results are
interesting.

A very high speed cine-camera was available and it number of impacts were photo-
graphed in silhouette at 500 000 to 600 000 frares per second. Fig.8 shows
the impact of a I inch diameter hail bullet at is speed of 9 1.0 on a plate
of L73 alloy 0.036 inch thick at zero impact avgle. The following features
can be seen.

(a) The hail does not shatter completely on impact aW. there is no spalling
from the rear fT Je.

(b) There is sone sideway-t splasr., s3nilar to that observed in invest.eations
of single impact rain drop erosion studies. The splash front speed is about
four times the iMpact speed.

'c) T-he irentation base shape is formed very rapidly a-d lu maintained
throughout the impact phase being progressively driven deeper through the
plate. In the case of 1 inch hail impacting on L73 material the base shape
is that of a 2 inch diameter sphere and on L72 mat-vial it is a 1.5 inch
di•ameter sphere.

Fig3s.9 and 10 show indentation profiles constructec from a common base for
various thicknesses of both materials and it can b,! seen that these base shape
diameters apply over the Cull range tested. Additional tCsts of L73 alloy
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with A inch diameter hail gave a base shape equivalent to a 1.5 diumeter sphere.
This implies that the damage sustained by aircraft in flight, if measured by a
f'itting ball technique, will indicate encounter with hail. some 1.5 to 2 times
larger than that actually encountered. This large factor should be noted since
the data from in-flight hail encounters have influenced Airworttiness
Authorities in the formulation of hail resistance requirements.

Further studies made with short duration flash photography, using reflected
light, ;rovided evidence of change in the ice structu-e following impact.

Vig.1l shows the ice projectile prior to impact wit)-. highlights as expected
from a glaze ice surface. Immediately after impact the highlights disappear
indicating a change in material crystal structure. This has been substantiated
by examination of fragments of hail recovered after impact. The largest frag-
ment recovered had a mass ha.f that of the original projectile, a mushroom
head shape wiich precisely fitted the indentation profile and a very fine grain
cr-ystal sructure like a ceramic. It is thought that the impact 3hock trans-
mitted thxough the ice causes this cr-Stal structure change. The ice dnes not
shatter complete3y into a mss of separate crystals: this is clear from the
cine-photographs. The change is in the czrystal structure itself.

Simulation stuiies

Earlier we showed that high speed impact of nail -t large impact angles cannot
be simulated by low 3peed impact at small impact angles on a V cos a constart
basis.

It has been suggested that high speed impact of small hail can be simulated by
low speed impact of large hail on an equal kinetic enep'ry basis. This has also
been proved unacceptable. Typical results are shown in Table I for L73 material
0.036 inch thick. Using 1 inch liameter hail to simulate a inch and 7 inch hail
on an equal "kinetic enere basis gives penetration speeds of 1870 ft/sec for
• inch hail coapared to a true -.rlue of 1355 ft/sec and 3330 ft/sec for ½ inch
hail compared to a true value of 1 320 ft/sec.

Simulation of large hail by smaller diameter hail of equivalent mass (i.e.
elongated bullet) is also unacoeptable. Table I shows that a I inch elongatei
bullet equal in mass to a i inch ice sphere caused penetration at 109'? ft/sec
compared to 1230 ft/sec for I inch hail.

Simulation of ice projectiles with alternative msterials can also give erroneous
resalts. Fig.11 gives penetratiorn results for I inch ice spheres a 1 inch poly
(ethylene) spheres and tie differences are clearly shown; they are attributed
to the different behaviour of ice and poly (ethylene) during the impact phase.
Poly 'ethylene) pancak.•s out on impact but recovers rapidly to almost its
original shape (Ref. 4) and reboumds if penetration has not been achieved.
Before an Alterna-ive material to ice could be accepted it woi. d be necessary
to make comparative tests at representative speeds. This itself would require
a high spee-d hail impact facility so there would be little reason to develop
an ice-equivalent material.

Conclusions

From the results Cf tV.is limited study of high speed hail impact or. flat

aluminium alloy plates it is concluded that:-
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(a) The maximum depth of indentation from hail impact varies linearly with thecomponent of impact velocity normal to the plate.

(b) Hail penetration speed is proportional to the square root of plate
thickness.

(c) The apparent diameter of the indentation, measured with the fitting ball
teclnique, is larger than t.: impacted hail stone diameter by a factor of1 2 for
L73 na:erial and 1.5 for L72 material in the case of normal impact.

(d) Simulation of high speed tail impact is difficult since tests must be made
at the correct speed, the correct imptact angle and with the correct sike of
hail or hail eqttivalent material.

It would theiefore appear that a matching set of thigh speed hail guns are
necessary weapors in the armoury of the aircraft environmental test engineer.

(1) R keport SST/B76A-02/0089, Nov. 196+
C2) Booker, J. D., Alum, Margar.et C., "Development of a smooth bore gun for

hail impact research", RAE T'eohnical Report 68220, Aug. 1968
(3) Chisman, S. I,., "A proposed programme for research into hail impact damage",

RAE Technical Repor. 68185, J-aly 1968
(4) Flyall, A. A., "Single impact studies with liquids and solids",

Proc. 2nd Meersburg Conf. on rain twosion ind allied phenorana, Aug. 1967
'5) Kangas, Pell, "Hailstone impact tests on aircraft structure components",

CA.ADC Tech. D-,. Report 124, Sept. 1950

16 - 6



Table i

Equivalent XineLic Energy Simulation

Mterial: L73
Thickness: 06036"
Impact angle:
Hail: T", i" and 1•" diameter

but see Note i

Projeotile Weht Penetration Kinetic
velocity eftery

type 9 8t/3eo ft 2b

2 Nominal l"hail 7* 1230 760
3 Si~mulatedl I" hail 7*.. 1870 760
2 Nominal -k hail 3.2 1355 400
3 Simulat& - hail 7.4 3330 760
2 Nominal •" hail 1.0 1920 250
4 siamlated 1 hail 7.4 1090 600

N;otes

i. Nominal 1" ha.l was made from 7.49 water, compared to 7.89 for 1" sphere
of ice density 0.91, to inimise crack formation.
Nominal *" hail was made from 3.2g water 3ompared to 3.39 for i" ice
sphere.
Nominal hail was mde from i,0g water compared to 0.975g for P' ije
sphereo

2. Experimental result.

3. Theoretical penetration speed derive& from result with 1" hail assuminzg
equivalent Kinetic 3wry,

4. Experimental result using * bullet of mass equal to 1" hail.
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Fig.8
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Fig.11 Impacts of lin. hail bullets at 11O0ft/soc:
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